Cell-Specific Alternative Splicing Increases Calcium Channel Current Density in the Pain Pathway  by Bell, Thomas J et al.
Neuron, Vol. 41, 127–138, January 8, 2004, Copyright 2004 by Cell Press
Cell-Specific Alternative Splicing
Increases Calcium Channel Current
Density in the Pain Pathway
channel, is subject to extensive alternative splicing that
in some cases is tissue specific (Lipscombe et al., 2002).
Previous studies have compared calcium currents in
nociceptive and nonnociceptive neurons distinguished
on the basis of various criteria (Blair and Bean, 2002;
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Providence, Rhode Island 02912 Cardenas et al., 1995; Petruska et al., 2000; Regan et
al., 1991; Scroggs and Fox, 1992a). The most consistent
difference reported is the presence of a larger low-
threshold T-type calcium current in nonnociceptive
Summary compared to nociceptive neurons. Recent studies sug-
gest that the CaV3.2 T-type channel localizes to mecha-N-type calcium channels are critical for pain transduc- noreceptors (Shin et al., 2003). Differences in high-
tion. Inhibitors of these channels are powerful analge- threshold, N-type currents of nociceptive compared to
sics, but clinical use of current N-type blockers remains nonnociceptive neurons have not been reported. Molec-
limited by undesirable actions in other regions of the ular analyses of RNA isolated from dorsal root ganglia
nervous system. We now demonstrate that a unique have, nonetheless, provided evidence for the presence
splice isoform of the N-type channel is restricted ex- of multiple splice forms of the N-type CaV2.2 subunitclusively to dorsal root ganglia. By a combination of that differ in their intracellular domains, and S3-S4 extra-
functional and molecular analyses at the single-cell cellular linkers (Lin et al., 1997, 1999; Lu and Dunlap,
level, we show that the DRG-specific exon, e37a, is 1999; Pan and Lipscombe, 2000). None of the splice
preferentially present in CaV2.2 mRNAs expressed in forms of CaV2.2 identified to date are exclusively ex-neurons that contain nociceptive markers, VR1 and pressed in dorsal root ganglia (Lipscombe et al., 2002).
NaV1.8. Cell-specific inclusion of exon 37a correlates Nociceptive neurons have been identified based on a
closely with significantly larger N-type currents in no- number of criteria including morphological, biophysical,
ciceptive neurons. This unique splice isoform of the and molecular properties. Capsaicin responsiveness
N-type channel could represent a novel target for has been used as an important functional indicator of
pain management. a subset of nociceptors that are also heat sensitive (Ca-
terina and Julius, 2001; McCleskey and Gold, 1999). In
this study, we combine RT-PCR, functional screeningIntroduction
for capsaicin responsiveness, and biophysical analysis
at the single-cell level to identify a novel splice isoformNociceptive neurons in the dorsal root ganglia (DRG)
of CaV2.2, preferentially expressed in a subset of noci-respond to a wide variety of stimuli including heat, pro-
ceptive neurons. The presence of exon 37a in CaV2.2tons, and capsaicin (McCleskey and Gold, 1999). Volt-
correlates with significantly larger N-type currents inage-gated calcium (Ca) channels expressed in nocicep-
neurons and in a nonneuronal expression system.tive neurons are present at presynaptic nerve terminals
in the dorsal horn of the spinal cord where they regulate
transmitter release. Consistent with this, the selective Results
inhibitor of the N-type channel, MVIIA, also called SNX
111 or ziconotide, is a powerful analgesic (Bowersox et Multiple CaV2.2 Splice Isoforms Are Expressed
in Dorsal Root Gangliaal., 1996; Brose et al., 1997; Chaplan et al., 1994; Cox,
2000). Further, mice lacking the N-type CaV2.2 subunit The CaV2.2 gene is subject to alternative splicing and
dorsal root ganglia express multiple splice isoforms (Fig-have higher pain thresholds compared to wild-type (Ha-
takeyama et al., 2001; Kim et al., 2001; Saegusa et al., ures 1A and 1B). Cassette exons e18a, e24a, and e31a
are either present or not in the final mRNAs. Their ex-2001, 2002). The N-type channel is also present at nu-
merous other synapses, and its importance in main- pression patterns have been reasonably well character-
ized at the whole tissue level. The majority of CaV2.2taining sympathetic tone is a major complication in anal-
gesic therapy with N-type channel blockers (Ino et al., mRNA in dorsal root ganglia contains e31a, consistent
with preferential expression of this exon in peripheral2001; Miljanich and Ramachandran, 1995; Vanegas and
Schaible, 2000). Consequently, there is considerable in- ganglia. Splice isoforms of CaV2.2 both containing and
lacking e18a and e24a are also present (Figure 1B). Theterest in establishing whether nociceptive neurons ex-
press a unique class of N-type channel. This possibility splicing patterns of e18a, e24a, and e31a of CaV2.2 at
the whole tissue level is consistent with previous analy-has gained momentum with growing appreciation that
the CaV2.2 gene, the functional core of the N-type Ca ses by RT-PCR and ribonuclease protection in rat DRG
(Lin et al., 1997, 1999; Pan and Lipscombe, 2000) and
for equivalent exons 24a and 31a in chick DRG (Lu and
*Correspondence: diane_lipscombe@brown.edu Dunlap, 1999). These analyses of whole tissue, however,1Present address: Laboratory of Molecular Physiology, Section on
do not address whether the pattern of alternative splic-Cellular Biophotonics, National Institute on Alcohol Abuse and Alco-
ing varies among individual neurons. Sensitivity to cap-holism, National Institutes of Health, Flow Building, Room 15, 12501
Washington Avenue, Rockville, Maryland 20852. saicin is commonly used as a functional marker to iden-
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Figure 1. Multiple Splice Forms of CaV2.2 Are
Expressed in Dorsal Root Ganglia
(A) Putative membrane topology of the CaV2.2
subunit. The approximate location of consti-
tutively expressed exons (horizontal black
lines) and alternatively spliced exons, e18a,
e24a, e31a, and e37a/e37b (blue circles)
are shown.
(B) RT-PCR analysis of e18a, e24a, and e31a
in mRNA isolated from rat DRG. Primers
flanked each splice site and generated the
following products: 227 and 290 bp for e18a
and e18a; 114 and 126 bp for e24a and
e24a; and 169 and 175 bp for e31a and
e31a. PCR-derived cDNA products were
separated on a 2% agarose (e18a) or 4% Met-
aphor agarose gel (e24a and e31a). Results
are consistent with previous analyses of
these sites of alternative splicing by RT-PCR
and ribonuclease protection assays (Lin et
al., 1997, 1999; Pan and Lipscombe, 2000).
tify a subtype of nociceptive neuron (Caterina and Julius, peripheral ganglia, including DRG, contain e31a (Lin et
al., 1997, 1999; Lu and Dunlap, 1999).2001; Caterina et al., 1997; Tominaga et al., 1998). We
therefore used whole-cell recording to separate neurons
into two groups based on capsaicin responsiveness, Exon 37a Is Only Expressed in Dorsal Root Ganglia
We examined a fourth site of alternative splicing, locatedand then analyzed each site of alternative splicing in
the same neurons by single-cell RT-PCR. in the C terminus, that had been identified based on
analysis of human genomic sequence (Lipscombe and
Castiglioni, 2003; Lipscombe et al., 2002; Soong et al.,Screening Neurons of the Dorsal Root Ganglia
by Capsaicin Responsiveness 2002). The presence of tandem exons, e37a and e37b,
in genomic sequence, identical in length (97 nucleo-Neurons of the dorsal root ganglia were voltage clamped
at 80mV, and brief depolarizations applied to estab- tides), and differing by only 14 amino acids is consistent
with a mechanism of mutually exclusive splicing (Figurelish the presence of robust voltage-gated potassium
and sodium currents characteristic of viable neurons. 4A). However, despite evidence for the presence of
these two homologous exons of CaV2.2 in the publicSubsequently, the membrane potential was voltage
clamped to 60mV and neurons exposed to 2 M cap- genome sequence of human, rat, and mouse, all CaV2.2
mRNAs analyzed to date contain e37b. No mammaliansaicin (Figures 2A and 2B; n 128 capsaicin-responsive
neurons and n141 nonresponsive neurons). Capsaicin CaV2.2 mRNA containing e37a has been reported. We
designed two sets of exon-specific PCR primers be-exerts its effects via activation of the vanilloid receptor
(VR1). Consistent with this, we detected VR1 mRNA in cause e37a and e37b are indistinguishable on the basis
of size. We analyzed their expression patterns in rat, ini-89% of capsaicin-responsive cells (25 of 28) whereas
only 13% of nonresponsive cells contained VR1 mRNA tially at the whole tissue level. As expected, CaV2.2e[37b]
mRNAs were expressed throughout the central nervous(2 of 15) (Figures 2C and 2D).
system and in both sympathetic and dorsal root ganglia.
In sharp contrast, we found expression of e37a highlyIndividual DRG Neurons Express Multiple
CaV2.2 Splice Isoforms restricted and only present at significant levels in dor-
sal root ganglia (Figure 4B). Our results explain whyWe analyzed e18a, e24a, and e31a at the single-cell
level and demonstrated that the pattern of alternative CaV2.2e[37a] cDNAs were not isolated in earlier cloning
efforts because tissue from dorsal root ganglia was notsplicing varied among individual neurons. Some cells
expressed both isoforms of a particular splice site, while used (Cahill et al., 2000; Coppola et al., 1994; Dubel et
al., 1992; Fujita et al., 1993; Lin et al., 1997; Williams etother cells expressed one form (Figure 3). For example,
all neurons expressed CaV2.2 mRNAs that lacked e18a al., 1992a). Our use of exon-specific primers, however,
does not provide information on the relative levels of(Figure 3A, n  38 cells). While only a subset also ex-
pressed CaV2.2 mRNAs containing e18a. We observed CaV2.2e[37a] and CaV2.2e[37b] mRNAs. The high effi-
ciency of PCR could result in significant product even ifa pattern of alternative splicing similar to this for the
e24a site (Figure 3B, n  38). However, there was no starting levels of CaV2.2e[37a] mRNAs are low in number.
We therefore employed a competitive RT-PCR protocolcorrelation between the inclusion or exclusion of a par-
ticular exon and capsaicin responsiveness (Figures 3A and established that CaV2.2e[37a] mRNAs are present
in whole DRG of P5 and adult animals at levels onlyand 3B). We detected e31a in all neurons analyzed re-
gardless of capsaicin responsiveness. CaV2.2 mRNAs 10-fold lower compared to CaV2.2e[37b] (Figures 4C
and 4D). The CaV2.2e[37a] splice isoform therefore rep-lacking e31a were not detected (Figure 3C; n 18). This
reflects the splicing pattern of e31a observed at the resents a significant fraction of the total CaV2.2 mRNA
pool in dorsal root ganglia. We next tested the possibilitywhole tissue level and is consistent with the proposal
that the vast majority of CaV2.2 mRNAs expressed in that e37a expression is regulated at the single-cell level
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e37b (n  48; Figures 5A and 5D). This is consistent
with the ubiquitous expression pattern of this splice
form of CaV2.2 (Figure 4B) and also serves as an impor-
tant control establishing that CaV2.2 mRNA is expressed
in every neuron. By contrast, only a subset of neurons
expressed e37a. Most significantly, the e37a splice iso-
form was expressed preferentially in capsaicin-respon-
sive neurons (55% of capsaicin-responsive compared
to 17% of nonresponsive neurons; Figures 5B and 5D).
Capsaicin sensitivity is often used as a marker for noci-
ceptors but it only identifies a subset of these cells. We
therefore assayed for the presence of the TTX-resistant
sodium channel, NaV1.8, that is restricted to nociceptors
(Akopian et al., 1996; Dib-Hajj et al., 1998). Using NaV1.8-
specific primers, we found that 80% of capsaicin-
responsive neurons analyzed express NaV1.8 mRNA (19
of 24; Figures 5C and 5E). Most significantly, all neurons
that expressed e37a also expressed NaV1.8 (14 of 14;
Figure 5C and 5E), establishing a strong link between a
second molecular marker of nociceptors and the pres-
ence of CaV2.2 mRNA containing e37a. Importantly, we
next assessed the functional consequences of cell-spe-
cific expression of CaV2.2e[37a] on the N-type current.
Calcium Currents in Capsaicin-Responsive
and Nonresponsive Neurons
We used the perforated, whole-cell patch recording
method to record calcium currents from neurons of the
dorsal root ganglia (Horn and Marty, 1988). Two millimo-
lar calcium was the charge carrier. Capsaicin-respon-
sive neurons were significantly smaller in size on aver-
age (18  2 pF), compared to nonresponsive neurons
(27  3 pF) (p  0.001) as reported by others (Cardenas
et al., 1995). Initially, the most obvious difference among
cells when we separated them on the basis of capsaicin
sensitivity was the presence of a significantly larger low-Figure 2. Capsaicin Responsiveness in DRG Neurons Is Correlated
threshold Ca current in nonresponsive neurons. Thiswith the Presence of VR1
low-threshold component is prominent in exemplar cur-DRG neurons were screened for capsaicin responsiveness by
whole-cell recording (n  269 cells). Whole-cell currents recorded rent traces and in the average current-voltage relation-
from a nonresponsive neuron (A) and a capsaicin-responsive neuron ships from nonresponsive neurons (Figure 6A). In this
(B). The membrane potential was voltage clamped at 60mV. The regard, our findings are consistent with the reports of
horizontal bar indicates the time and duration of capsaicin applica-
others (Blair and Bean, 2002; Carbone and Lux, 1984;tion (2 M). No inward current was detected in 141 neurons. Inward
Cardenas et al., 1995; Schroeder et al., 1990; Scroggscurrents were induced in 128 neurons during capsaicin challenge,
and Fox, 1992a). The high-threshold component of thewith an average amplitude of 986  118 pA. (C) PCR-derived cDNA
products amplified in two sets of reactions from five individual neu- whole-cell calcium channel current originates from the
rons (lanes 1–5) using VR1- and GAPDH-specific primers. The pre- activity of additional classes of calcium channel includ-
dicted size of PCR products was 125 and 274 bp, respectively. The ing N-type (Regan et al., 1991; Scroggs and Fox, 1992a).
capsaicin responsiveness of each cell is indicated between gels (
On first inspection, the multicomponent, high-voltage-or ). (D) Bar graph showing the percentage of nonresponsive cells
activated current appeared similar between capsaicin-(gray) and capsaicin-responsive cells (red) containing VR1. PCR
responsive and nonresponsive neurons (Figure 6A, acti-products were amplified in 89% of capsaicin-responsive cells (25
of 28) with VR1 primers compared to 13% of nonresponsive cells vation midpoints for the high-voltage-activated currents
(2 of 15). were close to 15mV). For this study, we were specifi-
cally interested in the N-type current and isolated it
from other voltage-activated calcium currents by toxin
and perhaps linked to functionally distinct subtypes of subtraction using -conotoxin GVIA (-Ctx GVIA) (Re-
sensory neurons. gan et al., 1991; Scroggs and Fox, 1992b).
N-Type Currents in Capsaicin-ResponsivePreferential Expression of Exon e37a in a Subset
of Capsaicin-Responsive Neurons and Nonresponsive Neurons
Consistent with other reports, the -Ctx GVIA-sensitive,We separated neurons of the dorsal root ganglia on the
basis of capsaicin responsiveness and analyzed each N-type current was the major component of the total
Ca current in capsaicin-responsive and nonresponsivecell by RT-PCR using e37a- and e37b-specific primers.
All neurons tested with e37b-specific primers contained neurons (70%; Figure 6B) (Regan et al., 1991; Scroggs
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Figure 3. Expression Patterns of Exons,
e18a, e24a, and e31a Do Not Correlate with
Capsaicin Responsiveness
Representative gels showing single-cell RT-
PCR-derived cDNA products amplified using
CaV2.2-specific primers flanking exons e18a
(A), e24a (B), and e31a (C), together with bar
graphs summarizing the distribution of exons
based on capsaicin responsiveness. Control
GAPDH-specific primers are used in each sin-
gle-cell reaction. Products amplified from
four cells are shown for each primer pair
(lanes 1–4). In (C), the first two lanes show
products amplified from CaV2.2e[e31a] and
CaV2.2e[e31a] clones to establish that a 6
bp difference is resolvable in a 4% Metaphor
gel. Sizes of cDNA products were respec-
tively, 227 and 290 bp for e18 and e18a;
114 and 126 bp for e24a and e24a; and
169 and 175 bp for e31a and e31a. Bar
graphs show percent cells that lack the speci-
fied exon () and that express both splice
isoforms lacking and containing the exon
(both). Bar graphs separate cells based on
capsaicin nonresponsiveness (gray) and cap-
saicin responsiveness (red). The total number
of cells analyzed is shown below each bar
graph. Capsaicin responsiveness of each cell
is indicated between gels ( or ).
and Fox, 1992a). The N-type current was well isolated Exon 37a Is Linked to Larger N-Type Current
Density in Capsaicin-Responsive Neuronsin capsaicin-responsive neurons although in nonrespon-
Having demonstrated preferential expression of a uniquesive neurons a small low-threshold current was still pres-
splice isoform of CaV2.2 in a subset of capsaicin-respon-ent in toxin-subtracted currents (Figure 6B). The low-
sive neurons (Figures 5B–5D), we tested the hypothesisthreshold current runs down relatively rapidly even in
that the presence of CaV2.2e[37a] was linked to largerthe absence of toxin, and this is the most likely explana-
N-type current densities. We selected only capsaicin-tion for its presence in toxin-subtracted current-voltage
responsive neurons, analyzed the N-type current, har-relationships of nonresponsive neurons (see Experimen-
vested these same cells, and performed RT-PCR total Procedures for further details).
assay for the presence of each of CaV2.2e[37a],Most importantly, after isolating the N-type current,
CaV2.2e[37b], and GAPDH. We performed this completewe revealed significant differences in peak N-type chan-
series of manipulations on 16 individual capsaicin-nel current densities between capsaicin-responsive
responsive neurons. These were subsequently sepa-
(111  12 pA/pF [n  20]) and nonresponsive neurons
rated into two pools, those that expressed CaV2.2e[37a](72  8 pA/pF [n  9]) (Figure 6B; p  0.05). Although mRNA and those that did not. Figure 7 summarizes our
significantly larger, the biophysical properties of N-type results and reveals a significant difference in N-type
currents in capsaicin-responsive neurons were not dis- current densities between cells that contain and lack
tinguishable from nonresponsive neurons (V1/2 and k val- CaV2.2e[37a]. Capsaicin-responsive neurons that con-
ues for nonresponsive neurons were: 16mV  2mV tained and lacked exon 37a were not distinguishable
and 5.4mV 0.6mV, n  9, compared to 15mV 1mV based on cell size, consistent with them representing a
and 5.2mV  0.3mV for responsive neurons, n  20; relatively homogenous population of nociceptors (20 
Figure 6B). Our data suggests that capsaicin respon- 3 pF, n 8, and 18 1 pF, n 8, for e37a containing and
siveness is linked to a significantly greater number of lacking, respectively). The presence of the CaV2.2e[37a]
splice isoform was, however, associated with 1.6-foldfunctional N-type channels.
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larger N-type currents (peak current densities were
122  11 pA/pF, n  8, in cells containing e37a com-
pared to 76  3 pA/pF, n  8, in cells lacking e37a; p 
0.05; Figure 7). We also compared the basic biophysical
properties of the N-type currents. The voltage depen-
dence of N-type channel activation, as well as the kinet-
ics of activation and inactivation, was not significantly
different in cells containing and lacking exon 37a, de-
spite their very different current densities (Figures
7A–7C).
Exon 37a Induces Larger N-Type Currents
in a Nonneuronal Expression System
To establish a direct link between expression of the
CaV2.2e[37a] splice isoform and larger N-type channel
current amplitudes, and to eliminate the potential contri-
bution of other factors, we compared CaV2.2e[37a] and
CaV2.2e[37b] clones expressed in Xenopus oocytes un-
der identical conditions. The resultant N-type channel
currents were compared in detail and our analysis sum-
marized in Figure 8. N-type channel currents in oocytes
injected with CaV2.2e[37a] cRNA were consistently and
significantly larger than those in oocytes injected with
the same amount of CaV2.2e[37b] cRNA (1.6-fold, p 
0.05; Figure 8). Currents were recorded under identical
conditions and the same complement of auxiliary sub-
units coexpressed. These differences between isoforms
were observed over a 3 day period (see legend to Figure
8). We also compared the biophysical properties of the
two splice isoforms. The voltage dependence and kinet-
ics of N-type channel activation were different between
CaV2.2e[37a] and CaV2.2e[37b] channels. CaV2.2e[37a]
channels activated at voltages 8mV more hyperpolar-
ized and with slightly faster kinetics at the same volt-
ages, compared to CaV2.2e[37b] (Figure 8B). To estimate
the effect of left shifting the CaV2.2 channel activation
on current amplitude, we plotted the predicted current-
Figure 4. Exon 37a Is Expressed Exclusively in Dorsal Root Ganglia voltage relationship for CaV2.2e[37b] using the activation
(A) Splicing pattern of mutually exclusive exons e37b and e37a curve for CaV2.2e[37a] (Figure 8A, dashed line). An 8mV
of CaV2.2 based on analysis of the public rat genomic sequence shift in activation results in a small increase in peak
(accession number NW_043710) and our sequencing (accession
current because of the greater driving force on ions atnumber AY211499). Exons are denoted with solid bars and introns
hyperpolarized voltages, but this is insufficient to ac-with horizontal lines. Exon lengths are 128, 97, 97, and 109 bps for
e36, e37a, e37b, and e38 respectively (accession numbers count for the 1.6-fold difference in peak current ampli-
AY211499 and AY211500). tudes between CaV2.2e[37a] and CaV2.2e[37b]. We also
(B) Expression pattern of e37b and e37a in RNA isolated from various demonstrated that the voltage dependence and kinetics
regions of the adult rat nervous system. SCG, superior cervical
of channel inactivation were indistinguishable betweenganglia; DRG, dorsal root ganglia; SC, spinal cord; MD, medulla;
splice isoforms (Figure 8C and see legend). These latterMB, midbrain; CM, cerebellum; TH, thalamus; HC, hippocampus;
CX, cortex. Primers were exon specific for e37a and e37b. PCR- results exclude the possibility that differences in sensi-
derived products were separated on a 3% agarose gel. Each lane tivity to steady-state inactivation between splice iso-
contains equal amounts of PCR reaction. forms might underlie their different current amplitudes.
(C and D) Levels of CaV2.2 mRNA containing e37a and e37b were
estimated in P5 (C), and adult (D) DRG tissue by competitive RT-
PCR. Each primer pair generated two PCR products, 108 bp from
CaV2.2 cDNA and 135 bp from competitive template. Gel shows
products amplified by RT-PCR of RNA isolated from whole DRG mately equal in intensity at 5 	 1021 M. In adult tissue (D), the e37b
(500 pg per reaction  five single cells) for e37a and e37b in the competitive template product was completely depleted at 1 	 1021
presence of serial dilutions of competitive template (1018–1022 M). M by the tissue-derived e37b template. The two were approximately
In P5 tissue (C) the e37b competitive template product was com- equal in intensity at 5 	 1020 M. The e37a competitive template
pletely depleted at 5	 1021 M by the tissue-derived e37b template. product was completely depleted at 1 	 1022 M by the tissue-
The two were approximately equal in intensity at 5 	 1020 M. The derived e37a template. The two were approximately equal in inten-
e37a competitive template product was completely depleted at 5 	 sity at 5 	 1021 M. These gels are representative of three experi-
1022 M by the tissue-derived e37a template. The two were approxi- ments that gave similar results.
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Figure 5. Exon 37a Is Preferentially Ex-
pressed in Nociceptive Neurons
Single neurons were analyzed by RT-PCR
and the expression pattern of e37a correlated
with capsaicin responsiveness.
(A and B) Bar graph summary showing the
number of cells expressing e37b and e37a in
capsaicin-nonresponsive neurons (gray) and
responsive neurons (red). e37a-specific
primers amplified products in 32 of 58 capsa-
icin-responsive and 5 of 27 nonresponsive
neurons.
(C) Bar graph summary of the number of cells
expressing e37a, NaV1.8, and both e37a and
NaV1.8, in 24 capsaicin-responsive cells.
(D) Representative gels showing RT-PCR
products amplified with e37a, e37b, and
GAPDH-specific primers from four single
cells (lanes 1–4). The capsaicin respon-
siveness of each cell is indicated between
gels ( or ).
(E) Gels showing RT-PCR products amplified
with NaV1.8, e37a, and GAPDH-specific prim-
ers from four neurons (lanes 1–4). The capsa-
icin responsiveness of each neuron is indi-
cated between gels ( or ).
Discussion transmitter release, thereby modifying the transmission
of noxious stimuli.
A characteristic feature of nociceptive neurons is theirN-type calcium channels are critical for the transduction
of pain in nociceptive neurons of dorsal root ganglia. unusually wide action potentials that have a signature
shoulder phase (Blair and Bean, 2002; Djouhri et al.,Here we identify a novel splice form of the N-type CaV2.2
subunit restricted to dorsal root ganglia, and within this 1998; Dunlap and Fischbach, 1978; Harper and Lawson,
1985; Heyman and Rang, 1985; Ritter and Mendell,tissue, preferentially expressed in a subset of nocicep-
tive neurons. mRNA levels of this CaV2.2 splice isoform 1992). High-voltage-activated calcium channels, pre-
dominantly N-type, together with TTX-resistant sodiumare substantial and e37a-containing CaV2.2 mRNA
strongly correlates with significantly larger N-type cal- channels are the main contributors to the plateau phase
(Baccei and Kocsis, 2000; Blair and Bean, 2002; Ren-cium current densities. Cell-specific alternative splicing
at the e37a/e37b locus of CaV2.2 provides a mechanism ganathan et al., 2001; Scroggs and Fox, 1992b). Cell-
specific alternative splicing of e37a in nociceptive neu-for increasing N-type current density downstream of
gene transcription. rons also represents a potential mechanism for shaping
action potential duration by increasing N-type current
density. Although other ion channels clearly remain im-Functional Implications
The crucial role for the N-type channel in nociception portant, it would be interesting to determine if a correla-
tion exists between levels of e37a and action potentialis supported by several lines of evidence including the
localization of N-type channels at primary synapses of half-widths in single cells.
Inclusion of e37a during the processing of CaV2.2 RNAnociceptive neurons in the dorsal horn laminae I/II (Kerr
et al., 1988), dominance in controlling neurotransmitter is cell specific, raising the possibility that this splicing
event might be regulated by specific stimuli or level ofrelease from presynaptic terminals of nociceptive neu-
rons (Holz et al., 1988; Maggi et al., 1990), impaired neuronal activity. For example, alternative splicing of
the STREX exon in the calcium-activated potassiumnociception in mice lacking CaV2.2 (Hatakeyama et al.,
2001; Kim et al., 2001; Saegusa et al., 2001), and power- channel, slo, is regulated by stress hormones and mem-
brane depolarization (Xie and Black, 2001; Xie andful analgesic properties of spinally administrated N-type
channel blockers in a variety of animal pain models McCobb, 1998). mRNA and protein levels of the calcium
channel CaV
2 subunit protein have been reported to(Bowersox et al., 1995, 1996; Bowersox and Luther,
1998; Matthews and Dickenson, 2001; Vanegas and be elevated in dorsal root ganglia in a rat injury model
(Luo et al., 2001). The CaV
2 subunit modifies calciumSchaible, 2000). The N-type channel is a target for modu-
lation by many neuromodulators and second messenger channel properties and increases channel surface ex-
pression (Felix, 1999; Witcher et al., 1993). Although totalsignaling pathways. Most neuromodulators, including
morphine, couple to the N-type channel to inhibit its levels of CaV2.2 mRNA were reportedly unchanged in
the same study (Luo et al., 2001), the splicing patternactivity and downregulate transmitter release (Ikeda and
Dunlap, 1999). Here, we describe a mechanism for in- at the e37a/e37b locus was not analyzed. Our data sug-
gests that a shift in the splicing pattern from e37b-con-creasing the activity of the N-type current in a subset
of nociceptive neurons that has the potential to increase taining to e37a-containing CaV2.2 mRNA could provide
a powerful and relatively rapid mechanism, independentthe coupling efficiency between depolarization and
Unique Calcium Channels in Nociceptive Neurons
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of gene transcription, for increasing N-type current den-
sity in the pain pathway.
Mechanism of Action of Exon 37a
Our experiments in Xenopus oocytes with cloned CaV2.2
channels demonstrate a direct link between the pres-
ence of exon 37a and significantly larger N-type cur-
rents. In this respect, our studies of cloned channels
parallel nicely those of native N-type currents in capsa-
icin-responsive neurons. Although other factors need
to be ruled out, such as differences in single-channel
conductance, our results are most consistent with the
hypothesis that CaV2.2e[37a] splice isoforms produce a
greater number of functional N-type channels compared
to CaV2.2e[37b]. Our analysis of CaV2.2e[37a] and
CaV2.2e[37b] currents recorded from oocytes did, how-
ever, also reveal differences in the voltage dependence
and kinetics of N-type channel activation. By contrast,
the biophysical properties of native N-type currents iso-
lated by conotoxin subtraction were not significantly
different in capsaicin-responsive cells separated based
on the presence and absence of CaV2.2e[37a] (Figures
7A–7C). It is possible that the biophysical properties that
differ between splice isoforms in the oocyte expression
system are present in native currents, but masked in
our analysis by a combination of the toxin-subtraction
method and the presence of other splice isoforms with
different properties (Figure 1) (Lipscombe et al., 2002).
While insufficient alone to account for the different cur-
rent amplitudes, if present in neurons, such biophysical
differences between splice isoforms would combine
with the increased effectiveness of CaV2.2e[37a] mRNA,
to induce larger N-type currents and increase calcium
entry through the N-type pathway.
Our oocyte experiments demonstrate that the mecha-
nisms underling the different N-type current amplitudes
induced by splice isoforms are not unique to neurons.
Further, the information necessary to mediate these dif-
ferences is contained in the 14 amino acids that are
Figure 6. A Comparison of Calcium Channel Currents in Capsaicin- different between CaV2.2e[37a] and CaV2.2e[37b] (Figure
Nonresponsive and -Responsive Neurons 4A). The 37a/37b splice site is located in the C terminus
(A) Average peak current-voltage relationships for whole-cell cal- of CaV2.2, a region implicated in the trafficking and tar-
cium currents measured in capsaicin-responsive (closed circles) geting of calcium channels (Gao et al., 2000; Maximovand nonresponsive (open circles) neurons of dorsal root ganglia.
and Bezprozvanny, 2002; Maximov et al., 1999). It isAverage peak current density and capacitance were, for capsaicin-
possible that the CaV2.2e[37a] isoform is more efficientlyresponsive neurons: 135  19 pA/pF and 18  2 pF, n  20; and
for capsaicin-nonresponsive neurons: 123  17 pA/pF and 27  3 targeted to the plasma membrane, although other mech-
pF, n  9. Curves are fit with the sum of two Boltzmann-GHK func- anisms including differences in protein stability cannot
tions. Estimated V1/2 values were45mV and15mV for low- and be ruled out. The C terminus of CaV2.2 constitutes25%
high-voltage-activated currents, respectively. Upper inset (black): of the channel protein and is encoded by exons 36–46representative, low-voltage-activated and high-voltage-activated
(Figure 1A). It contains several protein binding sites in-whole-cell calcium currents activated by voltage steps to 40mV
cluding those that bind G-proteins, Mint1, CASK, andand 5mV, respectively, from a holding potential of 80 mV from
a capsaicin-nonresponsive neuron. Lower inset (red): same as upper
inset from a capsaicin-responsive neuron. Scale bars: 1 nA, 10 ms.
(B) Average peak current-voltage relationships for -Ctx GVIA-sub-
tracted calcium current in capsaicin-responsive (closed circle) and V1/2 and k values were25mV 4mV and 4.8mV 0.5mV compared
nonresponsive (open circle) neurons. Average peak current densi- to 21mV  2mV and 6mV  0.6mV for capsaicin-responsive cells.
ties were 111  12 pA/pF (n  20) for capsaicin-responsive com- In capsaicin-nonresponsive neurons average V1/2 and k values were,
pared to 72  8 pA/pF (n  9) for nonresponsive neurons. These for the high-voltage-activated component: 16mV  2mV and
values are significantly different (p 0.05). The-Ctx GVIA-sensitive 5.4mV 0.6mV compared to15mV 1mV and 5.2mV 0.3mV for
current was 71%  2% of the total whole-cell calcium current in capsaicin-responsive cells. Values of V1/2 and k were not significantly
capsaicin-responsive neurons and 68%  2% of whole-cell current different between capsaicin-responsive and nonresponsive neurons
in nonresponsive neurons. Curves are fit with the sum of two Boltz- (p  0.05). Inset, representative -Ctx GVIA-sensitive current re-
mann-GHK functions. Average V1/2 and k values were calculated corded at5mV from a capsaicin-responsive neuron (red) and non-
from fits of individual N-type current-voltage relationships. In capsa- responsive neuron (black). Scale bars: 25 pA/pF, 10 ms. Data are
icin-nonresponsive cells, for the low-voltage-activated component, mean  SE.
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Figure 7. Exon 37a Expression Is Associated
with Larger N-Type Currents in Capsaicin-
Responsive Neurons
(A) Average peak current-voltage relation-
ships of-Ctx GVIA-sensitive calcium current
in capsaicin-responsive neurons that contain
(closed circles) and lack (open circles) e37a.
Average peak current density at 0mV and ca-
pacitance of responsive neurons that contain
e37a were 122  11 pA/pF and 20  3 pF
(n  8) compared to 76  3 pA/pF and 18 
1 pF for neurons that lack e37a (n  8). Peak
current densities are significantly greater in
neurons containing e37a (p  0.05). Current
densities were significantly different between
splice isoforms when compared at 10mV,
5mV, 0mV,  5mV, and 10mV (p  0.05).
Curves are Boltzmann-linear IV fits. Average
V1/2 and k values are 12.7mV  1.8mV and
4.6mV 0.4mV, n 8, for neurons containing
e37a compared to 13.6mV  1.7mV and
5.4mV  0.3mV, n  8, for neurons lacking
e37a. V1/2 and k values are not significantly
different between the two groups (p  0.05).
Inset shows examples of toxin-subtracted
currents from neurons containing (closed cir-
cles) and lacking (open circles) exon 37a.
Scale bars: 20 pA/pF, 10 ms.
(B) Averages of time constants estimated
from fits of the activation phase of toxin-sub-
tracted N-type currents induced by step de-
polarizations to indicated test potentials, from
capsaicin-responsive neurons containing
(closed circles) and lacking (open circles)
exon 37a.
(C) Average time constants estimated from
fits of the inactivation kinetics of toxin-sub-
tracted N-type currents induced by step de-
polarizations to indicated test potentials,
from capsaicin-responsive neurons contain-
ing (closed circle) and lacking (open circle)
exon 37a. Data are mean  SE.
(D) Representative gels showing RT-PCR
products amplified from four single cells
(lanes 1–4) with primers specific for e37a,
e37b, and GAPDH. Cells were used in the
analysis shown in (A).
RIM binding proteins (Hibino et al., 2002; Maximov et been used with limited success as analgesics because
of undesirable side effects. These include inhibition ofal., 1999; Simen et al., 2001). However, these sites fall
distal to the e37a/e37b locus. Further, all binding studies sympathetic tone, disrupted motor coordination, and
dizziness and blurred vision (Bowersox et al., 1996;using recombinant CaV2.2 protein to date have been
performed with the e37b-containing splice form. A com- Brose et al., 1997; Chaplan et al., 1994; Vanegas and
Schaible, 2000). Selective inhibition of the e37a spliceparison of amino acid sequences suggests that e37a
modifies a putative EF-hand motif present in e37b. How- form of CaV2.2 could represent a potential strategy for
targeting N-type currents in a subset of nociceptive neu-ever, so far we have not observed calcium-dependent
differences between splice forms transiently expressed rons while leaving basal transmission mediated by the
N-type channel unaffected. It will now be important toin a mammalian cell line even with low internal calcium
buffering (A.J.C. and D.L.; unpublished data). Exons ho- determine the subcellular distribution of these splice
forms of CaV2.2 in nociceptive neurons using exon-spe-mologous to e37a and e37b are present in the closely
related CaV2.1 gene of the P/Q-type channel and are also cific antibodies. Other splice forms of the CaV2.2 subunit
arising from alternative splicing at a different locus inpredicted to modify a putative EF-hand motif (Soong et
al., 2002). The functional significance of splicing at the the C terminus have been reported that are differentially
targeted in the cell (Maximov and Bezprozvanny, 2002).e37a/e37b locus in CaV2.1 is not known.
Cell-specific alternative splicing of other ion channels
exists (Black, 1998; Jones et al., 1999; Navaratnam etPotential Therapeutic Implications
N-type channel antagonists that target sequences spe- al., 1997; Rosenblatt et al., 1997) and offers a powerful
means to fine-tune the properties of channel activitycific to e37a of CaV2.2, could offer significant benefits
over current N-type blockers such as SNX-111 that have downstream of transcription. We demonstrate cell-spe-
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Figure 8. CaV2.2e[37a] Clones Induce N-Type
Currents in Xenopus Oocytes that Are Signifi-
cantly Larger Compared to CaV2.2e[37b]
(A) Average peak current-voltage relationships
in oocytes expressing CaV2.2e[37a] (closed
circle) and CaV2.2e[37b] (open circle). After 5
days postinjection, average CaV2.2e[37a]
peak currents were 211  2 nA (n  8) com-
pared to 134  4 nA for CaV2.2e[37b] (n  8).
Peak CaV2.2e[37a] currents were significantly
greater than CaV2.2e[37b] at days 4, 5, and 6
after injection (p 0.05). The dotted line shows
the predicted current-voltage relationship of
CaV2.2e[37b] calculated using the Boltzmann
activation curve of CaV2.2e[37a] shown in (B).
This predicted curve demonstrates that an 8mV
left shift in voltage dependence of channel acti-
vation (see [B]) is insufficient to account for
the significantly larger currents of CaV2.2e[37a]
compared to CaV2.2e[37b]. Inset: represen-
tative CaV2.2e[37a] and CaV2.2e[37b] currents
induced by step depolarizations to peak cur-
rent (5mV for CaV2.2e[37a] and 0mV for
CaV2.2e[37b]) from a holding potential of
100mV. Scale bars: 50 nA, 20 ms. V1/2 and k
values were estimated from Boltzmann-GHK
fits to individual data sets. Average V1/2 values
are17.9 mV 0.6mV, n 8, for CaV2.2e[37a]
and 9.7mV 0.4mV, n 8, for CaV2.2e[37b].
k values are 5.3mV  0.1mV for CaV2.2e[37a]
and 5.1mV 0.1mV for CaV2.2e[37b]. Average
macroscopic activation time constants act
are 7.2  0.5 ms for CaV2.2e[37a], n  8, and
10.6  0.5 ms for CaV2.2 e[37b], n  9. These
values are significantly different (p  0.05).
Peak currents in oocytes expressing Ca-
V2.2e[37a] were 186  2 nA (n  4), 211  2
nA (n  8), and 387  20 nA (n  8) at days
4, 5, and 6 postinjection, respectively. Compared to 68 2 nA (n 3), 134 2 nA (n 8), and 204 10 nA (n 8) at days 4, 5, and 6 postinjection,
respectively, in oocytes expressing CaV2.2e[37b]. In all cases values between splice isoforms were significantly different on a given day (p  0.05).
(B) Normalized, averaged activation curves for N-type currents in oocytes expressing CaV2.2e[37a] (closed circles) and CaV2.2e[37b] (open
circles). Curves were generated from slope conductances calculated from peak current-voltage relationships shown in (A) and assuming a
reversal potential of  40mV. Boltzmann functions were fit to individual curves and used to calculate average values for V1/2 and k. These
were for CaV2.2e[37a]: 19.7mV  0.6mV and 4.4mV  0.2mV; and for CaV2.2e[37b]: 11.7mV  0.5mV and 4.7mV  0.1mV. V1/2 values are
significantly different (p  0.05); k values are not significantly different.
(C) Normalized, averaged steady-state inactivation curves for N-type currents in oocytes expressing CaV2.2e[37a] (closed circles) and CaV2.2e[37b]
(open circles). Curves were generated from peak currents elicited by 300 ms test pulses to 5mV (CaV2.2e[37a], n  12) or 0mV (CaV2.2e[37b],
n  11) after 20 s conditioning prepulses to voltages ranging from 100mV to 20mV. Barium (5 mM) was the charged carrier. Peak currents
are plotted as a fraction of the maximum current at the indicated holding potentials. V1/2 and k values were estimated from Boltzmann fits to
data from individual cells. Average V1/2 and k values were for CaV2.2e[37a]: 72.7mV  0.8mV and 8.1mV  0.4mV; and for
CaV2.2e[37b]: 72.0mV  0.4mV and 8.1mV  0.6mV. Values are not significantly different. Inactivation kinetics were also measured,
CaV2.2e[37a]: inact-1 was 393  17 ms and inact-2 was 89  5 ms compared to 384  8 ms and 82  2 ms for CaV2.2e[37b]. Values are not
significantly different between splice isoforms. These data are representative of four separate injections. Data are mean  SE.
rat37a-dw, 5TTCATTCGAACCAGGCGCTTGTAG (122 bp) and forcific alternative splicing of the N-type Ca channel in a
e37b: rat37b-up, 5CTGAATACGACCCAGCTGCGTGTG; rat37b-dw,subset of nociceptive neurons and suggest that this
5CCAGGCGCTTGTATGCAACTCGAG (126 bp). PCR was per-offers a mechanism for increasing the efficiency of cou-
formed using a Robocycler (Stratagene) programmed as follows: 1
pling between membrane depolarization and calcium cycle of 94C for 1 min; followed by 30 cycles of 94C for 30 s, 59C
entry in the pain pathway. for 30 s, and 72C for 30 s; followed by a final 7 min extension at
72C. Control amplifications were performed with cDNAs to ensure
the primers were specific for e37a and e37b. RT-PCR productsExperimental Procedures
were run on 3% agarose gels prestained with ethidium bromide and
imaged on a digital analysis system (Alpha Innotech).Whole Tissue RT-PCR
Total RNA was isolated from various parts of the rat nervous system
with Trizol reagent (Invitrogen). 2 g of total RNA from each tissue Cell Isolation
Dorsal root ganglia were harvested from all spinal levels of P5–P8was reverse transcribed with Superscript II (Invitrogen). 10 ng of the
first strand cDNA mixture was analyzed using the Advantage 2 rats (Sprague Dawley, Charles River). Ganglia were dissociated in
a solution containing supplemented L-15 media with collagenasePCR system (BD Biosciences). PCR products were cloned and
sequenced to confirm their molecular identity. RT-PCR primers (20 mg/ml, Sigma) and dispase (96 mg/ml, Sigma). Enzymatic diges-
tion was carried out at 37C for 45 min and cells were trituratedfor e37a were: rat37a-up, 5GCTGCGTGTTGCCGGATTCATTAT;
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periodically with a fire-polished pipette to facilitate dissociation. of a low-threshold current showing up in the -Ctx GVIA-sensitive
Neurons were washed twice in 1	PBS (GIBCO) and plated on poly- current-voltage relationship. It is also possible that other low-thresh-
D-lysine (Sigma)-coated covers slips in DMEM (GIBCO) containing old calcium currents contribute to this component of the current-
10% FBS (GIBCO) and NGF (1 ng/ml, Sigma). Neurons were main- voltage relationship. For example, CaV1.3 L-type currents that acti-
tained at 37C with 5% CO2 and used within 1–6 hr after isolation. vate at relatively negative voltages (Lipscombe, 2002). There are
reports that the CaV1.3 L-type current is inhibited by high concentra-
Capsaicin Screening tions of -Ctx GVIA (Williams et al., 1992b); however, our studies
Viable neurons were identified by the presence of robust voltage- of neuronal CaV1.3 L-type channels suggest that they are not -Ctx
gated sodium and potassium currents during brief depolarizations GVIA-sensitive (Xu and Lipscombe, 2001).
from a holding potential of 80mV. Cells were then maintained at
a holding potential of 60mV and challenged with 2 M capsaicin
Single-Cell RT-PCRto identify responsive and nonresponsive neurons. Neurons were
After harvesting the entire neuron into the recording pipette viathen washed with capsaicin-free media. For inclusion in the analysis,
negative pressure, the tip of the pipette and its contents (2 l)capsaicin-induced inward currents had to be at least 25 pA and
were broken into a thin-walled PCR tube containing water and first-recover after capsaicin removal. Capsaicin-induced currents ranged
strand buffer. cDNA was synthesized from single cells using Super-from 25 to 4500 pA. Capsaicin-nonresponsive neurons were ex-
script II (Invitrogen) and used as template for subsequent PCR reac-posed to capsaicin at least twice before the cell was harvested and
tions with the Advantage2 PCR system (BD Biosciences). One roundcounted as capsaicin nonresponsive. Neurons were limited to two
of PCR was performed using a Robocyler (Stratagene) on single-exposures of capsaicin to avoid desensitization. For capsaicin
cell cDNA. For all sets of primers the PCR reaction conditions werescreening, currents were recorded using 1–2 M microelectrodes
1 cycle of 94C for 3 min; 35 cycles of 94C for 1 min, 59C for 1.5filled with an internal solution consisting of 90 mM KCl, 10 mM NaCl,
min, 72C for 1.5 min, and a final 7 min extension at 72C. Products5 mM MgCl2 40 mM HEPES, and 5 mM EGTA adjusted to a pH of
were then run out on 2% standard agarose or 4% Metaphor agarose7.4 with KOH. The bath solution contained 140 mM NaCl, 5 mM KCl,
2 mM CaCl2, 0.5 mM MgCl2, 10 mM HEPES, and 15 mM dextrose, gels. Band intensities were directly quantified from gels using a
adjusted to a pH of 7.2 with NaOH. At the conclusion of the recording digital analysis system (Alpha Innotech). PCR products from single
the entire cell was harvested via the recording pipette by negative cells were subcloned and sequenced to confirm their identity. Nega-
pressure and stored in first-strand buffer at 80C until needed. tive controls lacking cDNA were performed and processed in parallel
Data acquisition was performed using PClamp V8.1 software and with single-cell RT-PCR reactions (one negative control for every
the Axopatch 200A (Axon Instruments). Data was filtered at 2 kHz six cells). The negative controls included recording pipettes used
(3 dB) and sampled at 2 kHz. No leak correction or series resistance for whole-cell recording. To prevent contamination all PCR reactions
compensation was performed. Recordings were performed at were performed in a separate room not previously exposed to CaV2.2
room temperature. clones. Internal solutions were RNase free. RT-PCR primers were
located in different exons to avoid amplification of genomic DNA.
Calcium Current Recordings RT-PCR reagents and enzymes were always divided into aliquots
Acutely dissociated DRG neurons were placed into the recording to screen single cells in groups of50 neurons with identical stocks
chamber containing bathing solution (see above). Patch electrodes of RT-PCR reagents and enzymes. This reduced variability.
were fire polished to a resistance of 1–2 M. The internal solution The PCR primer sequences and their predicted PCR product sizes
for perforated patch recordings consisted of 135 mM CsCl, 10 mM were as follows: r18a-up, 5CGCAGGTTCTGGAGCCTTAGCT; r18a-
HEPES, 1 mM EGTA, 1 mM EDTA, 4 mM MgCl2 and 1.2 mg/ml dw, 5GGCCATTGCTGTGGACAACCTT (227 and 290 bp for 18a
amphotericin (Sigma), adjusted to a pH of 7.2 with TEA-OH. Micropi-
and 18a); r24a-up, 5CATTCTGGACTTCATTGTTGTCAGTGGA;
pettes were prefilled with amphotericin-free solution and backfilled
r24a-dw, 5TCGCAGGACTCTCAGAGACTTGATGGTA (114 and 126with internal solution containing amphotericin. Seals were formed
bp for 24a and24a); r31a-up, 5CAGAGATGCCTGGAACGTCTTTin bathing solution. The series resistance decreased over a 20 min
GAC; r31a-dw, 5ATAACAAGATGCGGATGGTGTAGCC, (169 andperiod and was considered acceptable when  12 M. The bath
175 bp for 31a and 31a); r37a-up, 5AGCTGCGTGTTGCCGGATTsolution was then replaced with 135 mM TEA-Cl, 2 mM CaCl2, 10
CATTATAAGGA; r37a-dw, 5GCGCTTGTAGGCCAACCTACGAGGGmM HEPES, and 100 nM TTX (Sigma), adjusted to a pH of 7.2 with
CAGTT, (108 bp); r37b-up, 5AGCTGCGTGTGGGCGCATCAGTTACATEA-OH. Whole-cell calcium currents were recorded under constant
ATGA; r37b-dw, 5GCGCTTGTATGCAACTCGAGCCGGGCATTT, (108bath perfusion. A current-voltage protocol from a holding potential
bp); rVR1-up, 5TCAATTCCCACACACCTCCCAGTTCC; rVR1-dw,of 80mV with 50 ms test pulses was then delivered. -Ctx GVIA
5TTTGGGTGGTCTGCTTAGGGAACCAG, (125 bp); rNaV1.8-up,(3 M; Calbiochem) was applied directly onto the cell via a pipette
5GCGCTGGTTGTAAGGGTCAGATTG; rNaV1.8-dw, 5AGCCAGGCAusing positive pressure. Test pulses were applied every 20 s to
ACAATTGCAGAAATC (245 bp); rGAPDH-up, 5CAGCACCAGCATmonitor toxin block which was considered saturated when current
CACCCCATTT; rGAPDH-dw, 5CAAGATGGTGAAGGTCGGTGTamplitudes were constant over a period of 1 min. -Ctx GVIA was
GAA, (274 bp); competitive template for e37a, 5AGCTGCGTGTTcompletely removed from the bath and a second current-voltage
relationship obtained. Finally, the bath was exchanged with Na- GCCGGATTCATTATAAGGATAAGCGTGCTGGACTCTCTCGACG
containing solution, the cell voltage clamped to 60mV, and chal- CAAATCGAGGCCCAATTGGCAAATACAGTTGCAGAACAGG
lenged with 2 M capsaicin. The entire cell was then harvested and AGGAGCCACACAACTGCCCT CGTAGGTTGGCCTACAAGCGC,
stored in first-strand buffer at80C. After each application of-Ctx (135 bp); for e37b, 5AGCTGCGTGTGGGCGCATCAGTTGCAATGA
GVIA, the recording chamber was soaked in 2% SDS and 10 mM TAAGCGTGCTGGACTCTCTCGACGCAAATCGAGGCCCAATTGG
DTT for 15 min to remove any residual -Ctx GVIA. Data acquisition CAAATACAGTTGCAGAACAGGAGGAGCCACACAAAAGCCCGG
was performed using pClamp V8.1 software and the Axopatch 200A CTCGAGTTGCATACAAGCGC (135 bp).
(Axon Instruments). For recordings calcium currents, data was fil-
tered at 2 kHz (3 dB) and sampled at 20 kHz. The series resistance
Oocyte Expression and Physiologywas compensated by 70%–90% with a 10 s lag. Leak correction
Complementary RNAs (cRNAs) were synthesized in vitro using thewas performed with a P/4 protocol. All recordings were obtained
Ambion mMessage machine RNA transcription kit using T-7 primer.at room temperature.
1 l of each CaV2.2 cRNA preparation was run out on a denaturing
formaldehyde gel along with cRNA standards. Band intensities wereThe Low-Threshold Component in Toxin-Subtracted
directly quantified using a digital analysis system (Quantity-One,Currents from Capsaicin-Nonresponsive Cells
Bio-Rad, Hercules, CA) to ensure equal amounts of CaV2.2e[37a]A low-threshold calcium current was prominent in capsaicin-nonre-
and CaV2.2e[37b] cRNAs. Full-length cRNAs were mixed in equimo-sponsive cells (Figure 6A). This current deactivated with slow kinet-
lar ratios, 5 ng of Cav2.2, 1.6 ng of Cav3, and 2.6 ng of CaV
2 in aics, typical of T-type currents, but it was also labile. Current ampli-
total volume of 46 nl, and injected into individual defolliculated oo-tudes declined to 52%  2% of initial values over a 5 min period
cytes. Four separate rounds of oocyte injections were performed.(measured at 40mV, n  3) compared to a decline to 89%  1%
N-type calcium currents were recorded 4–6 days after injection byfor the high-threshold current (at 10mV, n  3). Relatively rapid
run-down of the low-threshold current likely explains the presence standard two-microelectrode voltage-clamp technique (Warner am-
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plifier; OC-725b) and the data collected using pClamp6 software ine, J.D., and Julius, D. (1997). The capsaicin receptor: a heat-acti-
vated ion channel in the pain pathway. Nature 389, 816–824.(Axon Instruments, Foster City, CA). Microelectrodes were filled with
3 M KCl and the resistances of the current and voltage electrodes Chaplan, S.R., Pogrel, J.W., and Yaksh, T.L. (1994). Role of voltage-
were 0.3–1.5 M. Data were filtered at 0.5 kHz and sampled at 10 dependent calcium channel subtypes in experimental tactile allo-
kHz. Currents were recorded in a reduced chloride bathing solution dynia. J. Pharmacol. Exp. Ther. 269, 1117–1123.
containing 5 mM Ba(OH)2, 5 mM HEPES, 85 mM TEA-OH, and 2 mM Coppola, T., Waldmann, R., Borsotto, M., Heurteaux, C., Romey, G.,
KOH, pH adjusted to 7.4 with methanesulfonic acid. N-type currents
Mattei, M.G., and Lazdunski, M. (1994). Molecular cloning of a mu-
ranged between 0.1 and 0.6 A. Leak and capacitive currents were
rine N-type calcium channel alpha 1 subunit. Evidence for isoforms,
subtracted online using a P/4 protocol (Pclamp, V6.0; Axon Instru-
brain distribution, and chromosomal localization. FEBS Lett. 338,
ments).
1–5.
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